We have examined the role of integrins in the formation of the cell junctions that connect muscles to epidermis (muscle attachments) and muscles to neurons (neuromuscular junctions). To this end we have analyzed muscle attachments and neuromuscular junctions ultrastructurally in single or double mutant Drosophila embryos lacking PS1 integrin (a PS1 b PS ), PS2 integrin (a PS2 b PS ), and/or their potential extracellular ligand laminin A. At the muscle attachments PS integrins are essential for the adhesion of hemiadherens junctions (HAJs) to extracellular matrix, but not for their intracellular link to the cytoskeleton. The PS2 integrin is only expressed in the muscles, but it is essential for the adhesion of muscle and epidermal HAJs to electron dense extracellular matrix. It is also required for adhesion of muscle HAJs to a less electron dense form of extracellular matrix, the basement membrane. The PS1 integrin is expressed in epidermal cells and can mediate adhesion of the epidermal HAJs to the basement membrane. The ligands involved in adhesion mediated by both PS integrins seem distinct because adhesion mediated by PS1 appears to require the extracellular matrix component laminin A, while adhesion mediated by PS2 integrin does not. At neuromuscular junctions the formation of functional synapses occurs normally in embryos lacking PS integrins and/or laminin A, but the extent of contact between neuronal and muscle surfaces is altered significantly. We suggest that neuromuscular contact in part requires basement membrane adhesion to the general muscle surface, and this form of adhesion is completely abolished in the absence of laminin A. ᭧ 1998 Academic Press
INTRODUCTION
ment sites that are able to withstand the force of contraction, on the other neuromuscular junctions (NMJs) 3 that are required for the communication between neuron and During development different types of cell junctions occur at many points of cell-cell and cell-matrix contact, muscle. Thus, apart from being mere sites of adhesion, these cell junctions have to carry out specific tasks requiring spewithin and between tissues. For example, somatic muscles establish contacts with specific sites on the body skeleton cific molecular components. In recent years increasing insight has been gained into the molecular machinery inand with terminals of appropriate motorneurons. After their initial formation these muscle contacts differentiate into volved in the formation and maintenance of both these cell junctions in the fruit fly Drosophila melanogaster (Bate, specialized cell junctions: on the one hand muscle attach-1993; Keshishian et al., 1996) . One family of proteins which has been shown to be essential for the 1 To whom correspondence may be addressed at present address:
formation of muscle attachment sites and to be clearly loInstitut fü r Genetik, Universität Mainz, Saarstraße 21, calized at NMJs are the PS integrins Gotwals Mainz, Germany. Fax: 49 6131 395845. E-mail: Prokop@goofy. et al., 1994b; Fernandes et al., 1996; Prokop et al., 1998 Like other integrins, the Drosophila PS integrins are coma 6 subunit or the b 4 subunit has revealed that these proteins are required for adhesion of epidermal cells to the basement posed of two type 1 transmembrane proteins, an a and a b, which are not similar to each other in sequence (Hynes, membrane, and essential for the formation of hemidesmosomes, the type of cell-matrix junction at which a 6 b 4 is 1992; . Different integrin heterodimers have been found to bind to different extracellular ligands, includnormally localized (Dowling et al., 1996; Georges-Labouesse et al., 1996; van der Neut et al., 1996) . ing extracellular matrix proteins and other transmembrane proteins. The b PS subunit associates with at least two a
Our results show that PS integrin function is required at specific types of cell junctions called hemiadherens juncsubunits to generate receptors with different ligand specificity, for example the PS1 integrin (a PS1 b PS ) can mediate tions (HAJs). In contrast to the requirement for the vertebrate a 6 b 4 in hemidesmosome assembly, the PS integrins cell spreading on laminin, while the PS2 integrin (a PS2 b PS ) can mediate cell spreading on the novel extracellular matrix are not required for the intracellular assembly of HAJs, nor for the connection of these junctions with the cytoskeleton. protein tiggrin (reviewed in Gotwals et al., 1994b) . These two PS integrins are expressed in complementary cell layers However, the PS integrins are required for the extracellular adhesion of HAJs. The PS2 integrin mediates the essential in both the embryo and adult (reviewed in Brown, 1993) . At the muscle attachment site, the PS1 integrin is expressed extracellular adhesion of muscle and epidermal HAJs, and PS1 integrin can reduce the severity of the PS2 mutant phein the epidermis while the PS2 integrin is concentrated at the ends of the muscles where they attach to the epidermis.
notype by mediating adhesion of epidermal HAJs to the basement membrane, a function that appears to be mediated In the developing wing the PS1 integrin is expressed on the dorsal and the PS2 integrin on the ventral side of this by laminin A. Formation of neuromuscular synapses does not depend on PS integrins or laminin A; however, the exepithelial bilayer.
Genetic studies have shown that the PS integrins are estent of contact formed between muscle and nerve is altered in the absence of these proteins. sential at both these sites. Mutations in the gene encoding the b PS subunit, myospheroid (mys) lead to the absence of both PS heterodimers, are embryonic lethal, and result in the complete detachment of the muscles (Wright, 1960; Lep- tin et al., 1989) . Mutations in inflated (if) , which encodes the a PS2 subunit, remove only PS2 function and also cause
MATERIALS AND METHODS

Fly Stocks muscle detachment and embryonic lethality (Brabant and
The work was carried out on wild-type embryos (Oregon R) or Brower, 1993; Brown, 1994) . In contrast, embryos mutant on embryos hemizygous (mutation/Y chromosome) for null mutafor the a PS1 gene, multiple edematous wings (mew), have tion(s) in PS integrin subunit genes, or homozygous for a null mutanormally attached muscles and die during larval stages tion in the laminin A gene. The alleles used were mys XG43 (Brower et al., 1995; Roote and Zusman, 1995) . However, (Wieschaus et al., 1984; Bunch et al., 1992) an equally strong separation of the two wing surfaces (Brawith these different mutations we could clearly identify the mutant bant and Brower, 1993; Brower et al., 1995) . Thus, at the embryos by their gut phenotypes (Wright, 1960; Brown, 1994;  muscle attachments but not the wing epithelia, there is a Brower et al., 1995; Yarnitzki and Volk, 1995 Kiehart and Feghali, 1986 ) was performed as integrins have recently also been shown to be expressed at previously described (MartıB n-Bermudo and Brown, 1996) . Anti-synNMJs (Fernandes et al., 1996; Prokop et al., 1998) ; however, aptotagmin antibody staining (rabbit; 1:1000; provided by H. Bellen; so far it is not clear whether they have a role in the assembly Littleton et al., 1993 ) was carried out as described previously (Proof these structures. kop et al., 1996) . Negatives were scanned into a computer with a
Previous ultrastructural analyses have shown that the Nikon Scan LS1000. For clarity different focal planes were combined into one picture using Photoshop 3.0 software. muscle attachments and the NMJs contain prominent junctions (Seecof et al., 1972; Newman and Wright, 1981; Tepass and Hartenstein, 1994; Prokop et al., 1996) . We have there-
Electron Microscopy
fore examined whether the highly ordered arrangement of these junctions is altered in embryos lacking PS integrin or Measurements of bouton circumferences were carried out by superimposing an evenly spaced array of test lines over the photo-3A). Such a gap would be expected if the matrix binds digraph (magnification 26,0001) of boutons sectioned in the area of rectly to integrins, as the ligand binding head of integrins an active zone. The bar pattern was superimposed at an angle of has been shown to be separated from the membrane by 12 45Њ relative to the orientation of the synapse, and intersections nm (Carrell et al., 1985; Nermut et al., 1988) . Although the between boutonal circumference and the test lines were counted muscles could potentially attach to the epidermal cells by (Mayhew, 1991) . The significance of measurements was tested with the binding of one transmembrane protein to another at a single factor ANOVA, a parametric Fisher's PLSD, and a nonparathe direct attachments, this seems unlikely at the indirect metric Mann-Whitney U test using the StatView software.
attachments, since for example it would take 500 Ig domains to cross the 1.5-mm tendon matrix shown in Fig. 3B ( Barclay et al., 1993) . Therefore we suspect that these two junctions are both mediated by integrin-extracellular ma-
RESULTS
trix adhesion, and the sole difference may be the quantity of extracellular matrix accumulated.
Ultrastructure of Muscle Attachments
Muscle detachment due to the lack of the PS integrins in the Wild-Type Embryo starts several hours before the late stage 17 described above, at stage 16 (14.5 h; Wright, 1960; Brown, 1994) . At this The body skeleton of insects is provided by a cuticle that is secreted apically by the epidermis, and the muscles attach earlier time connecting HAJs and tendon HAJs are much shorter, but can already be distinguished by intracellular to this exoskeleton via the epidermal cells (Figs. 1G, 2A) . At the end of embryogenesis (late stage 17, approximately dense material and association with thin filaments or microtubules ( Fig matrix (Fig. 4A, inset) . At the segment border, connecting at the end of embryogenesis. These close cell junctions resemble spot adherens junctions (Tepass and Hartenstein, HAJs are initially seen (not shown), which get replaced by tendon HAJs when tendon matrix starts accumulating at 1994) and might be precursors of the HAJs. In summary, the muscle attachments initially contain the end of stage 15 (not shown) and increases gradually throughout stages 16 and 17 (compare Figs. 4D and 3B) .
close cell contacts and short connecting HAJs which expand later on. At direct muscle attachments the cells remain in Thus, tendon matrix appears to intercalate into connecting HAJs at stage 15/16, splitting them into two separate tendon direct contact via connecting HAJs, while at indirect muscle attachments the cells become separated by tendon matrix HAJs. At early muscle attachments closer cell contacts with an extracellular gap of only about 15 nm are also seen (Fig. which attaches at the tendon HAJs (mature attachments are diagrammed in Fig. 9A ). 2A vs Fig. 4A , small arrows), but they are rarely observed
The Role of PS Integrins at Muscle Attachments the muscle-specific PS2 integrin, the tendon matrix detaches from both the surfaces of the muscle cells and of Embryos lacking PS1 (mutant for a PS1 ) do not have any the epidermal cells (Fig. 3E ). This demonstrates that PS2 defects at muscle attachment sites that are visible at the function in the muscle cells is required for adhesion of the ultrastructural level (Fig. 2B) , and this has been confirmed tendon matrix to the muscles but also to the epidermal using two different amorphic alleles of the gene coding for cells, perhaps via the recruitment of an uncharacterized rethe a PS1 subunit. The phenotype caused by the loss of PS2 ceptor in the epidermis (see Discussion). (mutant for a PS2 ) is in contrast very strong. At stage 16, All the phenotypes described so far for PS2 mutant emwhen muscles begin to detach, the small connecting HAJs bryos have also been found in embryos lacking both PS1 and tendon HAJs are still present, as indicated by the presand PS2 integrins (mutant for either b PS or both a PS1 and ence of intracellular dense material that is linked to the a PS2 ; both genotypes have the same muscle detachment phecytoskeleton (Fig. 4, large arrows) . The mutant HAJs innotype). However, loss of both integrins has been shown to crease in size during stage 17, as do the wild-type HAJs (Fig. cause more severe muscle detachment than the loss of PS2 5, large and flat black arrows). Thus, the assembly of the alone, despite the lack of any phenotype in PS1 mutant intracellular part of these junctions can still occur in the embryos, suggesting that PS1 plays a role at muscle attachabsence of the PS integrins, in contrast to the a 6 b 4 integrinments (Brown, 1994 and see Fig. 1 ). We found that this dependent assembly of hemidesmosomes in vertebrates hidden function of PS1 can be explained by its requirement (Dowling et al., 1996; Georges-Labouesse et al., 1996; van for the adhesion of the epidermal cells to the basement der Neut et al., 1996) .
membrane. This is a layer of fuzzy light gray extracellular However, the HAJs require PS2 integrins for their extramaterial, which appears morphologically similar to basecellular adhesion. basement membrane normally exists on the extracellular Given the fact that integrins extend about 22 nm out from surface of HAJs and is obscured by the electron dense tendon the membrane (Carrell et al., 1985; Nermut et al., 1988) , matrix, or that in the mutants it assembles over HAJs after the PS integrins themselves might form the link at the contheir detachment from tendon matrix. In embryos lacking necting HAJs. The observation that other narrow (15-nm) PS2 but containing PS1, the basement membrane is closely close contacts are not altered in the absence of PS integrins apposed to the epidermal HAJs (Figs. 2D, 3E, and 5D), while also fits with this view (Fig. 4, thin arrows) . In the absence in the absence of both PS1 and PS2 the basement membrane of PS2 the tendon HAJs detach from the tendon matrix, detaches or fails to assemble at epidermal HAJs, suggesting which still accumulates at indirect muscle attachments dethat PS1 has a role in these processes (Fig. 5E ). This has spite becoming separated from the cell surfaces (Figs. 3D, consequences for the degree of muscle detachment because 3E, 3G, 4E, and 4F, large arrows). This is consistent with the basement membrane forms a connecting link between light microscopic findings that the extracellular matrix prodetached muscle tips, tendon matrix, and epidermis, preteins tiggrin and M-spondin accumulate correctly in emventing them from floating away (Figs. 3E and 3G) . In the bryos lacking PS integrins (Fogerty et al., 1994; Umemiya et al., 1997) . It is intriguing that in embryos only lacking absence of PS2 function, the PS1-mediated adhesion of epi-
FIG. 2. Loss of PS2 integrin, but not PS1 or laminin A, causes detachment of direct muscle attachments in late stage 17 embryos. (A)
A direct attachment between a muscle (*) and an epidermal cell (Ep) from a wild-type embryo. In the muscle the contractile filaments (F) connect to the intracellular electron-dense material of the connecting HAJs (large arrows) and cytoplasm free of filaments (sarcoplasm; S) is observed. The lateral surface of the muscle is coated with a basement membrane (large open arrow at the top of the panel). In the epidermal cell microtubules extend from the electron-dense material on the epidermal side of the connecting HAJs (slightly thinner than in the muscle) to the apical surfaces where they connect to apical hemiadherens junctions (curved arrow) which link the cell to the cuticle (Cu). The extracellular space between the connecting HAJs is 30-40 nm wide and contains a line of electron-dense material (see also inset enlargements); occasionally the connecting HAJs connect the membrane of the same cell (white outlined arrow in inset). Some unspecialized close cell contacts are also seen (small arrow) where the membranes are only separated by 10-15 nm (see also inset). The direct muscle attachments of embryos lacking the PS1 integrin ( dermis to basement membrane can hold muscles closer to Since a role for PS1 is only revealed in the absence of PS2, we examined whether the same is true for laminin A, the epidermis than in PS1 PS2 double mutant embryos (Fig.  1I vs Fig. 3H and 3G vs 3E), and at direct muscle attachespecially since it is a potential ligand for PS1 (Gotwals et al., 1994a) . We found that like the absence of PS1, the lack ments PS1 adhesion helps maintain close cell contacts (Fig.  2D, thin arrow) . Thus, there is a specific role for PS1 inteof laminin A enhances the muscle detachment phenotype of embryos lacking PS2 (Fig. 1F) . The phenotype is distinct grins in the epidermis, but this function of PS1 is masked in the presence of PS2 integrin.
from that of PS1-PS2-deficient embryos (Figs.1C and 1D) , with fewer of the muscles rounded up at stage 16, possibly In summary (Figs. 9A-9C ), the PS2 integrin in the muscle is essential for the attachment of the muscle cell HAJs to due to residual attachment of PS1 to another ligand. However, by late stage 17, the retraction of muscles in embryos the epidermal cells and the tendon matrix, and for the attachment of the epidermal cells to the muscles and the lacking PS2 and laminin A is as severe as in embryos lacking both PS integrins (Fig. 1J vs Fig. 1I ). At the ultrastructural tendon matrix, probably requiring a yet unknown receptor in the epidermis. The PS1 integrin can mediate attachment level, freely floating muscles lacking the sheath of basement membrane appear to stick nonspecifically to the surface of of epidermal HAJs to extracellular ligands contained within the basement membrane.
other muscles and the epidermis (not shown; but see Fig.  9D , long arrows), whereas freely floating tendon matrix is still associated with basement membrane-like matrix ( show each of the defects expected for the loss of PS2 (muscle muscle attachment we looked at the ultrastructure of emdetachment and loss of HAJ adhesion to extracellular mabryos mutant for laminin A, a major component of the basetrix) and the loss of laminin A (loss of basement membrane ment membrane (Timpl, 1989; Henchcliffe et al., 1993) . In adhesion to the unspecialized cell membranes; Figs. 3F and late stage 17 lamA mutant embryos, we found that connect-5C). In addition, we see a loss of basement membrane adheing HAJs and tendon HAJs are normal (Figs. 2C and 3C) , sion to the epidermal HAJs (Figs. 3F and 5F), comparable to demonstrating that laminin A is not essential for PS2 intethat seen in embryos lacking both PS integrins (Figs. 5E). grin-mediated adhesion at these sites (see also Yarnitzki and This suggests that PS1 integrin can mediate adhesion of Volk, 1995). The basement membrane is still present in the epidermal HAJs to laminin A or laminin A-dependent comabsence of lamA, in accordance with a laminin-independent ponents within the basement membrane (summarized in network within the basement membrane (Yurchenco et al., Fig. 9D and 9E ). 1992). However, laminin A-deficient basement membrane is frequently fragmented, and detaches from the unspecialized epidermal and muscle cell surfaces (Fig. 6A vs Fig. 6C ).
In the Muscles PS2 Integrin also Mediates
These results suggest that these surfaces contain receptors
Adhesion of Focal HAJs to the Basement that bind to either laminin A or a laminin A-dependent
Membrane protein in the basement membrane, e.g., dystroglycans (Ibraghimov-Beskrovnaya et al., 1992; Ervasti and Camp- In the absence of PS2 integrin the detached muscles in late stage 17 embryos are surrounded by basement membell, 1993).
FIG. 3.
Absence of PS2 integrin leads to muscle detachment at indirect muscle attachments, which is enhanced by the removal of PS1 or laminin A. All embryos are late stage 17; note that the magnification varies between panels. (A) Details of tendon and connecting HAJs: Tendon HAJs in epidermis (Ep; i) and muscle (ii) are in contact with tendon matrix (T), compared to connecting HAJs of epidermis and muscle which are paired and have a thin line of extracellular matrix in-between them (iv; same as in Fig. 2A) ; The translucent gap between membrane and extracellular matrix is similar in tendon HAJs (bent arrows in i and ii) and connecting HAJs (large arrow in iv), and at both junction types enfolded cell membrane of the same cell can form connecting HAJs with itself (white outlined arrows in ii and iv); Tendon HAJs and connecting HAJs show intracellular membrane-associated electron-dense material, which is more prominent in the muscle (*) than in the epidermal cell (Ep). (iii) At indirect muscle attachments occasional connecting HAJs are formed (arrow in middle, compared to tendon HAJs to its left and right). (B to G) Indirect muscle attachments in wild-type and mutant embryos showing tendon matrix (T) and tendon HAJs (large arrows) of epidermis (Ep) and muscles (*). Indirect muscle attachments of wild-type (B), PS1 (not shown), and laminin A (C) mutant embryos are indistinguishable. In the absence of PS2 integrin (E), PS1 and PS2 integrin (D, G), or PS2 integrin and laminin A (F), tendon matrix (T) detaches from tendon HAJs (large arrows), but intracellular dense material of tendon HAJs is unaffected and is normally connected to microtubules (best shown in F) or actin filaments (best shown in D and E; compare Fig.  5 ). In the absence of PS integrins (E, G) muscles, tendon matrix and epidermis remain linked by basement membrane (open arrows). In the absence of PS2 only (E), epidermal HAJs remain closely associated with basement membrane (large arrow at bottom) holding muscle tips closer to the epidermis; muscles retract further in the absence of both PS1 and PS2 (G), due to lack of basement membrane adhesion to epidermal tendon HAJs (large arrow at bottom indicates the HAJ lying in an epidermal hole; see Fig. 5 for explanation) and probably secondary detachment of the basement membrane from the surrounding epidermal surfaces (bent arrow). (F) In the absence of both PS2 integrin and laminin A (F) any basement membrane link is lost, and basement membrane detaches from all cell surfaces (but not the tendon matrix). Scale bar: 0.4 mm in A, 1 mm in B to D, 1.4 mm in E and F), and 2.2 mm in G.
FIG. 4. Loss of PS integrins affects
HAJs at muscle attachments at stage 16 (14.5 h). At direct muscle attachments (A-C) and indirect muscle attachments (D-F) at stage 16 the muscles (*; bent arrows indicate muscle-specific thick filaments) and epidermis (Ep) form spot adherens junction-like close cell contacts (small arrows; right inset in A) and HAJs with intracellular membrane-associated electron-dense material linked to cytoskeletal filaments (large arrows and insets; in all insets muscles face down, epidermis up). (A) At wild type direct muscle attachments the connecting HAJs have a 30-to 40-nm-wide spacing between the two cell membranes with a line of electrondense extracellular matrix (left inset in A). In embryos lacking PS2 (B) or PS1 and PS2 (C) the intracellular features of connecting HAJs are formed, but the extracellular space is narrower and lacks the line of extracellular matrix (inset in B) or connecting HAJs tend to detach (large arrow in C). (D) During the initial formation of indirect muscle attachments in wild-type embryos the epidermis (Ep) bulges into the body cavity and makes contact with numerous muscles (*); extracellular tendon matrix (arrowheads) starts accumulating in the intercellular space, linking to the tendon HAJs (large arrows; epidermal tendon HAJ left inset, muscle right). Indirect muscle attachment lacking PS2 (E) or PS1 and PS2 (F) are less compact; they form tendon matrix (T), close cell contacts (thin arrows), and intracellular features of tendon HAJs (large arrows, enlargements), but the matrix does not associate with the junctions. Scale bar: 1 and 0.4 mm in enlargements.
FIG. 5. Details of HAJs from embryos lacking the PS integrins and laminin
A and their association with the basement membrane at stage 17. In embryos lacking PS2 integrin (A, D), PS1 and PS2 (B, E), or laminin A and PS2 (C, F), the amount of electron-dense material at detached HAJs (large arrows, white outlined arrows) has increased normally; in the muscles (A to C), HAJs are associated with thin filaments (best shown in B), in the epidermis (D to F) with microtubules. Note that HAJs can lie in indentations of the cell surface which appear as holes when sectioned obliquely (all cases indicated by white outlined arrows). Open arrows indicate basement membrane, which fails to adhere especially at HAJs, with the exception of epidermal HAJs in PS2 mutant embryos (D). In embryos lacking both PS2 and laminin A the basement membrane fails to associate with any of the muscle cell surfaces (C; short curved arrows indicate obliquely sectioned membrane which could be mistaken for basement membrane). Scale bar: 1 mm.
brane, which in many cases is clearly separated from the Like connecting HAJs and tendon HAJs, the intracellular architecture of focal HAJs is not affected in any of the muHAJs (Fig. 5A, large arrow) . Thus, like PS1 at epidermal HAJs, the PS2 integrin might mediate adhesion to the basetant embryos examined (Fig. 6 , large and bent arrows); however, the adhesion of focal HAJs to the basement membrane ment membrane at connecting HAJs and tendon HAJs of muscles, which in the case of the wild type is obscured by requires the presence of PS2 integrin. Thus the basement membrane is detached from 50% of focal HAJs in PS2 muthe more electron dense matrices ( Figs. 2A and 3B, insets) . Therefore we examined the interaction between the basetant embryos (Fig. 6B , open arrow) and may remain in proximity to the other half of the focal contacts due to adhesion ment membrane and another type of HAJ, the focal HAJ. Like the HAJs at muscle attachments, focal HAJs have into the surrounding unspecialized membranes (Fig. 6B , small arrow). As expected, the complementary situation occurs in tracellular electron dense material associated with thin filaments, but they are distinguished by their smaller diameembryos lacking laminin A, where the basement membrane detaches from all unspecialized cell surfaces and remains ter, their position on the lateral surface of muscles, and their extracellular link exclusively to basement membrane attached to 88% of the focal HAJs (Fig. 6C) . When both PS2 integrin and laminin A are absent, only 5% of focal HAJs ( Fig. 6 ; Tepass and Hartenstein, 1994) . remain attached to the basement membrane, which often with the muscle surface, whereas outside these contacts the bouton is covered by basement membrane (Fig. 7B) . In completely detaches from the muscle surface (Figs. 5C and  6D) . Thus, the PS2 integrin connects the focal HAJs to the contrast, in embryos lacking laminin A (with or without PS2), boutons show reduced contact with the muscle. Embasement membrane in a laminin A-independent manner (summarized in Fig. 9 ) and must instead depend on other bryos lacking both PS integrins have the reverse phenotype with the boutons making increased contact with the muscle extracellular matrix components, e.g., collagen IV (Borchiellini et al., 1996) . Because focal HAJs are suspected to play (Figs. 7E and 7F) . In these embryos, 3 out of 30 boutons were deeply embedded and in contact with intracellular a role in aligning the muscle sarcomeres (Elder, 1975) , our findings may explain the defect in sarcomeric cytoarchitecdense material of muscle focal HAJs (Fig. 7F, bent arrow) , which was never observed in wild type or other mutant ture that is found in muscles lacking the b PS subunit (Volk et al., 1990) .
combinations. Thus, the boutons seem to have formed excess contacts with muscle surfaces that were already differentiated to connect to basement membrane (note that focal
Adhesion at NMJs Is Affected in Embryos Lacking
HAJs fail to attach to basement membrane in PS1 PS2 mu-PS Integrins or Laminin, but Assembly of tant embryos; see above).
Neuromuscular Synapses Is Normal
Taken together, these results show that functional synapses can form at NMJs in the absence of PS integrins and We next examined the potential role of PS integrins and laminin A in the other specialized cell junction formed by laminin A, but that the absence of these proteins influences cell-cell contact at NMJs. The combined absence of both muscles, the neuromuscular junction (NMJ; Fig. 7) . At NMJs the nerve terminal forms branches with swellings, PS integrins may indirectly affect NMJ adhesion due to the relaxation of the surface of the rounded-up muscles. Lamicalled boutons. Boutons form extensive contacts of about 15-nm spacing with the muscle surface. These contacts are nin A could be directly involved in neuromuscular adhesion or, alternatively, the boutons could be held against the musmainly unspecialized, but interspersed by highly specialized synaptic contacts. At stage 16 (14.5 h) synaptic contacts cle by basement membrane, which requires laminin A to adhere to the cell surfaces. have some similarity to close cell contacts described for muscle attachments at that stage (Fig. 7C vs Fig. 4A, insets) . At late stage 17 very characteristic morphological features have assembled at synaptic contacts, but the spacing re-DISCUSSION mains about 15 nm ( Fig. 7B ; and see Prokop et al., 1996) . We have found that the formation of neuromuscular synapses Laminin A, PS1, and PS2 Integrins Have Distinct occurs normally in all mutant embryos described above (Fig. in Vivo Functions 7, insets), which is in accordance with the fact that close cell contacts are independent of PS integrin function, as we
We have used electron microscopy to examine the role of the PS integrins and their potential ligand laminin A in have also seen at the muscle attachments (Figs. 2 and 4 , insets and small arrows). To find out whether these NMJs the formation of the specialized cell junctions that connect the muscles to the epidermis and the motorneurons in the are normally distributed throughout the somatic musculature and accumulate proteins required for their function, developing Drosophila embryo. We found that the PS integrins are essential for the extracellular adhesion of all three we labeled embryos with an antibody raised against synaptotagmin, a protein associated with the presynaptic vesicles types of hemiadherens junctions (connecting HAJs, tendon HAJs, and focal HAJs), but the formation of their intracellu- (Littleton et al., 1993) . In the absence of the PS integrins and/or of laminin A the NMJs accumulate synaptotagmin lar membrane-cytoskeletal links does not require the PS integrins. In contrast, the PS integrins are not required for as they do in the wild type, and they appear to be located on all muscles (Figs. 7A, 7D , and 7G, arrows). Frequent the adhesion at 15-nm cell contacts of NMJs and primarily early muscle attachments, which would explain the delayed twitching of detached muscles in embryos lacking the b PS subunit can be seen in polarized light, suggesting that neumuscle detachment phenotype in PS integrin mutant embryos. We have previously shown that the adhesive funcromuscular transmission occurs (not shown; see also Wright, 1960) . Embryos lacking laminin A show an uncoortions mediated by the two PS integrins, PS1 and PS2, are clearly distinct in vivo, since they cannot replace each other dinated, constant body movement similarly showing that transmission at the NMJ occurs, although central coordina-(MartıB n-Bermudo et al., 1997). Here we show that the PS2 integrin, which is expressed in the muscles, mediates adhetion of movement appears to be impaired (not shown).
Thus, the formation of NMJs does not depend on the PS sion independent of laminin A between (1) the tendon matrix and the hemiadherens junctions of both muscles and integrins or laminin A. However, the degree of adhesion of boutons to the muscle surface is affected in some of the epidermis, and (2) the basement membrane and focal HAJs on the lateral surface of the muscles. In contrast, the epidermutants. We therefore quantified thin sections of boutons in the area of synaptic contacts, and measured the fraction mally expressed PS1 mediates laminin A-dependent adhesion of the epidermal HAJs to the basement membrane, of bouton membrane attached to the muscle (Fig. 8) . Wildtype embryos and those lacking only PS1 or PS2 look similar consistent with data showing that cells expressing the PS1 integrin spread on laminin, while those that express PS2 do in that about 50% of the bouton membrane makes contact not (Gotwals et al., 1994a) . These results explain in part the less severe muscle detachment phenotype of embryos just lacking PS2 compared to those lacking both PS1 and PS2 integrins. Laminin A is not only required for basement membrane adhesion at HAJs, it is also required for NMJ adhesion and for basement membrane adhesion to the general muscle surface.
Laminin A Is Required for the Attachment of Neuromuscular Boutons
Our results clearly show that NMJs with normal synapses can form in the absence of PS integrins and laminin A. However, the degree of adhesion of neuronal boutons to the muscle surface is decreased in embryos lacking laminin A. This could mean that laminin A is required within the intercellular space. Cholinergic NMJs in vertebrates have been shown to contain basement membrane within the 50-nmwide junctional space (Hall and Sanes, 1993) ; however, the junction at glutamatergic Drosophila NMJs is more reminiscent of central glutamatergic synapses in vertebrates (Roberts et al., 1995) in that it is only about 15 nm wide. (Carrell et al., 1985; Nermut et al., 1988) ; second, and B), medium gray (compared in G), and dark gray (compared antibody stainings do not reveal detectable levels of PS intein H). Bouton attachment in embryos lacking both PS1 and PS2 grins at NMJs of mature wild-type embryos (data not integrins by loss of b PS or both a PS subunits causes adhesion to shown), although they appear later during larval developincrease significantly compared to wild type (C, D); absence of ment where they play a role in the postembryonic growth laminin A with or without PS2 causes adhesion to decrease significantly compared to wild type (E, F). of the NMJ (Fernandes et al., 1996; Prokop et al., 1998) ;   FIG. 7 . Neuromuscular synapses form normally in the absence of the PS integrins or laminin A, but the adhesion of the boutons to the muscle surface is altered. NMJs (thin arrows) are formed on muscles in the wild type (A), in the absence of both PS integrins (D) or laminin A (G), as shown by staining late stage 17 embryos with an anti-synaptotagmin antibody. Normal synapses (B; large arrows and enlarged inset) are also found at the NMJs of embryos lacking both PS integrins (E), laminin A (H), and both the PS2 integrin and laminin A (J). All show presynaptic active zones (T-like densities, clustered synaptic vesicles) and an extracellular space of about 15-nm width containing a regular array of extracellular material associated with the postsynaptic membrane (appears as a honeycomb-like pattern when sectioned obliquely; small bent arrows in E). The boutons (asterisks) of wild-type embryos are half embedded in the muscle and half covered by basement membrane (A; open arrow; similar in embryos missing just the PS1 or the PS2 integrin; not shown), they are deeply embedded into the muscle in embryos lacking both PS integrins (E, F) but far less bouton surface is attached in embryos lacking laminin A (H, J; note the lack of basement membrane). Aberrant association of focal HAJs (large bent arrows in F, J) with boutons in embryos lacking both PS integrins (F) suggests that the NMJ contacts form after the formation of the HAJs. Early synapses in the wild-type embryo at stage 16 (C) are reminiscent of close cell contacts at the muscle attachments ( Fig. 2A) third, no alterations of neuromuscular contacts are observed tempts to detect PS integrins at HAJs by immunoelectron microscopy have not been successful, but light microscopic when only one PS integrin is removed from the embryo. Therefore it seems more likely that the boutons can adhere localization of PS integrins at muscle attachment sites at late stage 17 (data not shown) strongly suggests that the PS to more muscle area because the muscle surfaces are more relaxed (allowing them to bend around the bouton) in the integrins are normally part of these junctions. In wild-typeconnecting HAJs the membranes of the two cells are sepaseverely detached muscles of embryos lacking both PS integrin functions. Such a secondary mechanism might explain rated by 30-40 nm, while in PS integrin mutants the membranes are separated only by 10-15 nm (Fig. 4B) . These rewhy membranes carrying HAJ-like structures inappropriately contact the boutons (Fig. 7F, bent arrow) . The more sults are consistent with 22-nm-long extracellular domains of integrins (Carrell et al., 1985; Nermut et al., 1988) stickextensive contact found in the PS integrin mutants still requires laminin A function since in embryos double muing out from both cell membranes and connecting to a thin layer of extracellular matrix. In addition, the extracellular tant for PS2 and laminin A the neuromuscular contact is reduced as in laminin A mutant NMJs. matrix is separated from the plasma membrane by a translucent gap of several nanometers, consistent with the separaAdhesion molecules expressed at Drosophila NMJs, like Fasciclin II, Fasciclin III or Connectin, are unlikely to medition of the integrin ligand-binding head from the membrane by a stalk region (Nermut et al., 1988) . A comparable spacate adhesion at the mature embryonic NMJ because they either fade during stage 16 or show no phenotype when ing of only a few nanometers can be seen between the cell membrane of the a 6 b 4 -containing hemidesmosomes of vermutated (Halpern et al., 1991; Meadows et al., 1994; Schuster et al., 1996) . Instead, mutant analysis tebrate keratinocytes and the extracellular subbasal dense plate (Garrod, 1993; McGrath et al., 1995; Dowling et al. , reveals the existence of yet unknown embryonic adhesion factors downstream of mef2 regulation (Prokop et al., 1996) . 1996). However, it remains possible that PS integrins are not themselves the adhesive receptors and instead recruit Such factors might include laminin receptors that promote adhesion, or other receptors that displace the basement other molecules which are of a similar size; for example, extracellular spacing and a thin line of extracellular matrix membrane from the synaptic cell junction. Identification of the mef2-dependent receptors might be aided by the use of look similar in both connecting HAJs and vertebrate desmosomes, even though vertebrate desmosomes do not contain the lamA mutation as a sensitized background.
integrins but connect via cadherin-like molecules (Garrod, 1993; Koch et al., 1997) .
Are the PS Integrins an Integral Component of HAJs? The Role of PS2 in Mediating Epidermis-Tendon
In Drosophila, the independently organized sites of mem-
Matrix Interactions
brane-cytoskeletal linkage at HAJs might recruit the PS integrins by interactions with the cytoplasmic tail of the Suprisingly, we have found that the loss of PS2 integrin affects adhesion of tendon matrix not only to the muscle, b PS subunit (MartıB n- Bermudo and Brown, 1996) . Once correctly positioned to the HAJs the PS integrins could then but also to the epidermal tendon HAJs. One possible explanation is that low levels of PS2 integrin are expressed in directly mediate the attachment of these junctions to the extracellular matrix and basement membrane. Our atthe epidermis that are sufficient for adhesion; although, the Helen Skaer, Julian Heath, Stephen Gregory, and Natalia Sá ncheza PS2 subunit has not been detected there by antibody stainSoriano for comments on the manuscript; and Jeremy Skepper and ing (Bogaert et al., 1987) . The alternative explanation is muscle attachments (Brower et al., 1995; MartıB n-Bermudo and Brown, 1996 ; Fig. 1 ). Therefore the PS2 integrin may be required for a signal to be sent from the muscles to the
